Fabrication and electronic properties of GeNi$_2$O$_4$ epitaxial thin
  film by Vasiukov, Denis M. et al.
Fabrication and electronic properties of GeNi2O4 epitaxial thin film
Denis M. Vasiukov,1, a) Mikhail Kareev,1 Fangdi Wen,1 Liang Wu,1 Padraic Shafer,2 Elke
Arenholz,2, 3 Xiaoran Liu,1 and Jak Chakhalian1
1)Department of Physics and Astronomy, Rutgers University, Piscataway,
New Jersey 08854, USA
2)Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley,
CA 94720, USA
3)Cornell High Energy Synchrotron Source, Cornell University, Ithaca, NY 14853,
USA
(Dated: 19 July 2019)
Frustrated magnets can host numerous exotic many-body quantum and topological
phenomena. Bulk GeNi2O4 spinel is a frustrated magnet with an unusual two-stage
transition to antiferromagnetic state and spontaneous breaking of cubic symmetry.
Here we report on the first growth of (001)-oriented GeNi2O4 thin films on MgAl2O4
substrate. The fabricated films were characterized by X-ray scattering and advanced
photoelectron spectroscopies confirming epitaxial growth of high crystallinity stoi-
chiometric films. The GeNi2O4 films with S = 1 pyrochlore sublattice can help to
clarify the complex mechanism of the magnetic ordering in the bulk GeNi2O4 and
opens the door towards studies of 2D frustrated magnetism in ultra-thin limit.
a)vasyukov@physics.msu.ru
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Physics of frustrated magnetic systems is a very active and fruitful subfield with a great
potential for emergent phenomena, new states of matter and exotic excitations (exemplified
by spin ice, quantum spin liquids, spin-charge separation and so on1–4). Despite a plethora
of interesting theoretical proposals there is still no definitive evidence of quantum spin liquid
and the fundamental challenge is to map theory to material systems that can host the exotic
phenomena and states3. As an alternative, ultra-thin films with frustrated magnetism may
be a viable option to answer the challenge.
In this context, complex oxides with spinel structure are of special interest. Spinel oxides
have the general formula AB2O4 with structure formed by close-packed sublattice of anions in
which one-eight of the tetrahedral (A-site) and one-half of the octahedral (B-site) interstices
are filled by cations. As shown in Fig. 1a, in the absence of distortions, spinel crystallizes in
cubic space group Fd3¯m and B-site cations form a network of corner-shared tetrahedra or the
pyrochlore sublattice that has the strongest known frustration5. Interestingly, along {111}
directions the pyrochlore lattice consists of alternating sequence of kagome and triangular
planes which are also strongly frustrated in 2D. This feature opens the door for the so-called
“geometrical lattice engineering” approach to fabricate novel artificial systems with these
lattices6.
From the practical viewpoint, it is desirable to find material classes with a pure realization
of the frustrated lattices, e.g. without concomitant structural or electronic variations, which
can hinder effects of frustrated magnetism or even destroy it. For instance, many spinel
oxides undergo structural phase transition at low temperatures due to the cooperative Jahn-
Teller effect that relieves the frustration and promotes a long-range magnetic ordering (for
examples see [5 and 7]).
In this work we focus on GeNi2O4 (GNO) spinel. There are three crucial features that
make magnetic properties of this spinel interesting from the frustrated magnetism viewpoint:
(i) GNO belongs to a so-called “4–2” family with germanium on the A-site (with general
formula Ge4+B2+2 O4). This class of compounds has magnetically inactive A-site, hence only
the pyrochlore sublattice is responsible for magnetic properties. (ii) Ni2+ has 3d8 electronic
configuration which adopts a non-degenerate electronic term (3A2g) meaning absence of the
Jahn-Teller effect. (iii) The pyrochlore lattice with integer spin statistics (S = 1) next to
the most interesting quantum spin limit of S = 1/2.
Not surprisingly, previous studies of bulk GNO revealed an unusual consequence of phase
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FIG. 1. a) Crystal structure of GeNi2O4 with pyrochlore sublattice of Ni
2+ atoms highlighted
in gray. b) and c) RHEED patterns of MgAl2O4 substrate at 650
◦C and GeNi2O4 film at room
temperature, respectively. d) X-ray reflectivity data of the same sample show that film thickness
is 11.79(4) nm. e) 2Θ − ω X-ray diffraction scan along 00l direction. The scan contains allowed
reflections of the substrate and fabricated film together with two forbidden reflections (002 and
006) of the substrate which arise because of Umweganregung effect13. Asterisks mark (004) and
(008) peaks of the substrate due to residual Kβ radiation.
transitions. At low temperatures GNO reaches an antiferromagnetic state with propagation
vector (1
2
1
2
1
2
) corresponding to rhombohedral lattice system8. Upon this transition the B-site
splits into two crystallographically non-equivalent positions which correspond to the kagome
and triangular planes. More detailed recent studies show that this antiferromagnetic state
is developed through two consecutive first-order phase transitions separated by ∼ 0.7 K
(TN1 = 12.1 K and TN2 = 11.4 K) without any measurable structural distortion
9–12.
A muon-spin relaxation experiment suggested that these two transition correspond to a
separate ordering of two magnetic subsystems14. Based on the single-crystal neutron elastic
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FIG. 2. a) High resolution XPS scan of Ni 2p states shows the spin-orbit split doublet (green)
together with satellite features (light blue). The background line is shown in gray color. Unsplitted
doublet confirms that film contain Ni only in a single valence state. b) Oxygen K-edge XAS
spectrum demonstrates absence of the sharp pre-peak feature that corresponds to the d8 electron
configuration of Ni without significant admixture of configurations with oxygen p-holes (like d9L).
scattering data15 it was concluded that the first transition (TN1) corresponds to a magnetic
ordering only within the kagome planes (each plane has ferromagnetic ordering stacked
antiferromagnetically). The triangular planes become magnetically ordered at the second
transition (TN2). On the other hand, specific-heat data show several puzzling features which
yet remain unexplained16. For instance, the coexistence of gapped and gapless spin waves
and the presence of substantial magnetic correlations in the paramagnetic state despite the
low frustration ratio ΘCW/TN (∼ 0.7). Furthermore, the change in magnetic entropy is
surprisingly nearly equal for both phase transitions which contradicts to the picture of two
separate orderings in kagome and triangular planes (as triangular lattice contain three times
less Ni2+ ions relative to the kagome lattice).
In light of the above, the thin films of GNO are a promising candidate to probe emergent
quantum states by applying epitaxial strain to modify the magnetic ground state of GNO.
Additionally, such experiments can help in understanding of peculiar magnetic ordering
mechanism of the S = 1 pyrochlore sublattice in the bulk GNO. In this letter we report on the
first fabrication of high-quality (001)-oriented GNO films on MgAl2O4 (MAO) (001)-oriented
substrate using pulsed laser deposition. The surface morphology, film thickness and crystal
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structure were measured by in-situ reflection high-energy electron diffraction (RHEED),
atomic force microscopy (AFM), X-ray reflectivity (XRR) and X-ray diffraction (XRD).
Film stoichiometry and electronic state of nickel were investigated by X-ray photoelectron
spectroscopy (XPS) and resonant X-ray absorption spectroscopy (XAS) on Ni L-edge and
O K-edge. The combined results confirm the successful epitaxial growth of high quality
(001)-oriented GNO thin film.
First we describe the details of GNO growth. GNO films were fabricated under 6 mTorr of
an oxygen atmosphere with KrF excimer laser (248 nm wavelength). The samples were grown
on (001)-oriented MgAl2O4 substrate with average surface roughness of Sa ∼ 100 pm from
a stoichiometric (GeNi2O4) target. The UV-laser was operated at 3 Hz repetition rate with
2.7 J/cm2 energy density per pulse. Films were deposited on the substrate at temperature
700 ◦C (measured by pyrometer). After deposition samples were annealed at the growth
condition and then cooled down (with initial rate 15 ◦C/min) to room temperature at the
same oxygen pressure.
Growth of the films was monitored in-situ by high-pressure RHEED. The representative
RHEED patterns with an indexed zero-order Laue zone of the substrate and fabricated
film are plotted in Fig. 1b,c. As expected for two isostructural compounds the patterns are
similar including identity of higher order Laue zones. The intensity of the specular reflection
shows only an initial reduction with the start of the deposition followed by the recovery. It
remains constant without any evident oscillations during further deposition. Taking into
account the developed streak pattern shown in Fig. 1c we conclude that the fabricated GNO
film grows by a step-flow mode17.
X-ray reflectivity and diffraction measurements were performed on Empyrean diffractome-
ter using Cu Kα radiation. Fit of XRR data (Fig. 1d) yields roughness Sa = 240(20) pm,
which is in a good agreement with the AFM results (∼ 200 pm). Both XRR and AFM
confirm the development of smooth surface morphology of the GNO film. A fit of the XRR
data shown in Fig. 1d yields 11.79(4) nm film thickness. The 2Θ−ω scan (Fig. 1e) contains
reflections of the substrate and two reflections of the GNO film. These peaks are indexed
as 004 and 008 reflections confirming (001)-orientation and epitaxial growth of the film.
As the bulk lattice parameter of GNO is a = 8.22 A˚ [18], growth on the MAO substrate
(a = 8.08 A˚) should result in 1.7 % in-plane compressive strain for the fully coherent in-
terface. Indeed, from our diffraction data we have determined that the out-of-plane lattice
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constant is 8.376(5) A˚, which is consistent with compressive strain.
The XPS spectra were measured using a Thermo Scientific K-Alpha XPS spectrometer
with monochromated Al Kα radiation. Stoichiometry of the GNO film was determined
using high-resolution core-shell scans around 2p state for Ge and Ni and 1s state for O.
The analysis of XPS data results in Ge : Ni : O = 1 : 1.98 : 4.24 which is consistent within
experimental uncertainty with GeNi2O4 composition (the deviation in the oxygen value from
the ideal stoichiometric ratio is due to the surface exposed to air). Figure 2a shows a core-
shell Ni 2p scan. As seen, the energy position of the Ni 2p3/2 peak at 856.5 eV and the
absence of any peak splitting imply single valency of Ni in the film.
To further investigate the electronic state of Ni and O away from the surface, we carried
out a XAS experiment at beamline 4.0.2 of the Advanced Light Source (Lawrence Berkeley
National Laboratory). Oxygen K-edge scan shown in Fig. 2b is very similar to the theoretical
line-shape19 and does not show any sizable pre-edge intensity around 529 eV implying only
a small contribution of configurations with ligand holes (e.g. d9L) to the electronic state of
Ni ion. Further, in accord with the XPS data the Ni L-edge lineshape corresponds to Ni in
2+ state. The simulated spectrum of Ni2+ shown in Fig. 3 corroborate the divalent state of
Ni20. An optimization of the lineshape to the experimental data yields the following atomic
parameters: crystal field splitting 10Dq = 0.9 eV, charge-transfer gap of 4 eV, hopping
integrals Veg and Vt2g 2.5 and 1.0 eV, respectively, which are close to values reported for
FIG. 3. Ni L-edge XAS spectrum of the GNO film. Blue dots are the measured data whereas
orange line show simulated spectrum of Ni2+.
6
NiO [21].
In summary, we have synthesized the first thin-films of (001)-oriented GeNi2O4 spinel
with the Ni2+ pyrochlore sublattice. A combination of advanced probes confirmed high
structural and chemical quality of the GNO thin films. The GeNi2O4 films with S = 1
pyrochlore sublattice can help to clarify the complex mechanism of the magnetic ordering
in the bulk GeNi2O4 and also opens the door towards studies of 2D frustrated magnetism
in ultra-thin limit.
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